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TWO-COLOR PICOSECOND STIMULATED PHOTON ECHOES IN SOLIDS 
Koos DGPPEN, D.P. WEITEKAMP * and Douwe A. WIERSMA 
Picoseco~~d Laser and Spectroscopy Laboratory, Department of Chemistry. University of Groningen. 
A’ijenborgll 16. 9747 AG Groni~~gen. The 1Vetherlands 
Received 14 May 1984 
We report P novel type of photon echo, the relased two-color stimulated echo. in the molecular mixed crystal of penta- 
ccne in naphthalene. A prerequisite 10 observation of this type of echo is that the inhomo:cneous broadening on the sclecr- 
ed transitions be correlated. The echo is used to study the picosecond vibrational deactivation of some excited-state vibn- 
tions of pentacene. Evidence for intermediate levels in the relaxation pathway is presented. 
The three-pulse stimulated echo, long known in mag- 
netic resonance [ 11, has more recently been demonstrat- 
ed in optical transitions [2]. In multilevel systems with 
bottleneck states, the population grating left by the 
first two excitation pulses in the optically connected 
levels, need only persist in one of the levels for the 
stimulated echo to be elicited by the third pulse [3]_ 
A corollary is that the echo may be stimulated at some 
entirely different frequency c+ than the one, ~1, at 
which the grating was prepared. It has been reahzed [4] 
that, after redistribution of the initially excited popu- 
lation grating, the echo, in fact, may be stimulated 
from arz)’ state into which the grating has relaxed. We 
report here the first observation of such a relaxed two- 
color stimulated echo (RXSE) which can be seen as 
the optical analog of the NOE effect in 3-D NMR [5] _ 
The rise of this echo is used to probe the rate of vibra- 
tional population filling into the vibrationless level, sub- 
sequent to excitation of various vibrational levels in the 
S1 manifold of pentacene doped into naphthalene. By 
comparing this rate with the relaxation rate of the ini- 
tial level, as measured by a connected two-color stim- 
ulated echo (CXSE) [6], evidence was obtained for 
short-living intermediate levels in the relaxation route. 
The apparatus used in the experi?ents consists of 
two synchronously pumped picosecond dye lasers. A 
* Present address: Department of Chemistry, University of 
California at Berkeley, Berkeley, California 94720, USA. 
Nd-YAG laser, at 10 Hz, is used to amplify the out- 
put pulses to single pulse energies of =I0 fl in pulses 
of 6 ps duration. For a detailed description of the ap- 
paratus we refer to ref. [7]. 
Consider now fig. 1 which contains the appropriate 
level scheme for the photon echo experiments on 
pentacene in naphthalene. Here, I a> stands for the 
ground state and 1 c) for the electronically excited state 
of pentacene, while 1 b) and 1 d) represent vibrational 
levels in the ground and excited states respectively_ 
In fig. 1B the level ii> in the upper electronic state 
stands for the intermediate level structure in the vibra- 
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pi:_ 1. Level schemes for the two different types of two-color 
stimulated echoes described in this note. Consult the test for 
a characterization of the level symbols. The time separation 
between the first two excitation pulses is 60 ps in both cases. 
The break in the center indicates that the probe pulse is ap- 
plied at a variable delay after the second pulse. 
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tional relaxation process. in both stimulated echo ex- 
periments the preparation stage is the same: the first 
two excitation pulses at w1 create an ordered popula- 
tion (grating in frequency space) in the ground and ex- 
cited states as follows: 
Paaf&> = f - PcId!ffZ~ * 0) 
where ftl is the time immediately after application of 
the second pulse and 0,. is the rotation angle of the 
Bloch vector induced by thejth excitation pulse. 4 is 
the detuning due to the inhomogeneous width, and tl 2, 
/cl2 and @L2 arc the time, k-vector and phase difference 
between the excitation pulses. The last term in the ex- 
pression for pdd(ff*) is responsible for the sinusoidal 
modulation of the population as a function of A. 
F~irthern~or~, from this expression it is clear that the 
amphtude of the grating contains optical phase informa- 
tion \\rhi& under proper conditions may be recalled as 
an echo, as we will see. 
In the case of the CZCSE, the probe pulse transfomls 
the ordered population from state \d) into a polariza- 
tion at frequency wdb. The polarization near met, is 
proportional to the off-diagonal density matrix eiement 
,obd which at the time of the echo may be written, with 
the phase factor dropped, as 
whereI’(01,0t,03)=sinB1 sin02 sinQ3,Pi1 isthc 
lifetime of state fd) and r the separation between the 
second and third pulse which is varied in the experi- 
ment. Pf$d and Ttd arc dephasing constants of the 
transitions at mda and Wdb respectively, and are 
known from previous CARS [7] and photon-echo [S] 
experiments. The inhomogeneous broadening is absent 
from eq. (2) since we have assumed that the dephasing 
occurring during the first interval t 12 is just cancelled 
by rcphasing during the last interval or t2 before the 
echo maximum. The assumption here is perfect correfa- 
tion of the inhomogeneous distributions centered at 
Gda and Gdb- The scale factor h: = wds/wdb leads in 
principle to a retardation of the echo by (K - f)tLz, 
but this delay is much less than the echo width and so 
we can set ti x I in practice_ A typical example of a 
PROSE PULSE DELAY (psecl 
Fig_ 2. Srimuiatcd echo intcnsitg its a function of dehy 
between the second and third pulse. Scan (A) presents the 
decay of the CZCSE for the pulse sequence displayed in fig. 
1A. Scan (B) shows the rise of who intensity for the RZCSE 
dcscribod by the pulse sequence of fig. 78T The finite widrh 
of the cscitation and probe pulses was rakcn into accoum 
by convoluting the echo intensit\’ rise with the cross-correla- 
tion width of 11 ps. The dotted line in (B) is the predicted 
rise in intensity of the RZCSE, in the absence of the inter- 
mediutr lcvcl li>. 
C2CSE decay obtained, after tuning w1 to a vibronic 
transition of pentacene at 17335 cm-l (747 cm-1 above 
the origin) and w? to ad,, at 16579 cm-‘, is sho&n in 
scan A of fig. 2. The stimulated echo was observed by 
optical mixing of the echo with a time-coincident probe 
pulse at wr in a KDP crystal [6] _ The echo clearly ex- 
hibits single-exponential decay, as predicted by eq. (2), 
with a time constant of 33 rt: 1 ps which is in perfect 
agreement with the results of an earlier one-color stimu- 
lated echo experiment on the vibronic transition at Wda 
181. 
In the second echo (RZCSE) experiment, outlined in 
fig. 1 B, the third excitation pulse is applied to the transi- 
tion at Web9 where at tl_ += neither of these levels is 
populated. In the process of vibrational relaxation, the 
ordered population from level Id) is, possibly via some 
intermediate levels, transferred to the vibrationless 
fevel 1 cl_ Again if the in~lomogeneous distributions at 
G,, and We., are correlated, the macroscopic polariza- 
tion at ucb will rephase at a time @I2 after the third 
puke through the off-diagonal density matrix element 
&,e which at the echo time may be written as 
where .$ again is a scale factor, .$ = 7;j&/+,, and 
F(I’,, ri. r) is a function depending on the lifetime of 
level Id), and on the lifetimes of possible intermediate 
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states. In scan B of fig. 2 we show the result of a 
RZCSE experiment, again after exciting the same transi- 
tion at 17335 cm-t, but now with the probe tuned 
to the web resonance at 15832 cm-l _ The first note- 
worthy thin8 is, as expected, that the echo intensity 
starts at zero and then quickly rises on a 100 ps time- 
scale to a plateau which persists on the timescale of 
the experiment. On a longer time scale this plateau 
should exhibit exponential decay with the 20 ns life- 
time [8] of state lc>. The second thing to note is the 
initial sigmoid curvature of the echo intensity, indi- 
cative of a consecutive relasation process that leads to 
the echo formation. Indeed by assuming that the initial 
population of ld) directly decays into level rc>, the 
dotted curve in fig. 2 is predicted,which is not in agree- 
ment with our observation. For this case the function 
F(I’e, rj, 7) = 1 - esp(-T’cr). We therefore must con- 
clude that the vibrational relaxation from level jd) 
down to Ic> proceeds in steps. To evaluate the data we 
have chosen the simplest relevant model, namely the 
presence of one intermediate level 1 i). For this case, 
see fig. 1 B. we obtain: 
F(rd, rj, i)= I + [ri/(rd - ri)] esp(-rdT) 
- [l?J(IYd - r,)] eXp(-riF) _ (3) 
With this esprrssion the echo intensity, being propor- 
tional to lTr[I_rPb,(t)] I”, is fitted with I’i as a param- 
eter. The best fit is obtained with a lifetime of the 
intermediate level of 16 +. 3 ps_ This short lifetime of 
the intermediate “level” comes as a surprise as there 
any many longer-lived modes observed and expected 
[8] below the 747 cm-l mode. If dissipation of vibra- 
tional energy proceeds through a sequence of one- 
phonon emission events, at least five intermediate 
states must be involved, all with a lifetime less than the 
16 ps obtained with the model in eq. (4)_ If dirccr de- 
cay from Id) to Ic> is retained as a separate possibility 
(this process involves the simultaneous emission of at 
least six phonons), an upper limit of 22 ps is found for 
the decay time of a singIe intermediate level. 
SimiIar RZCSE experiments were perfomled with 
vibrational levels at 597 and 609 cm-1 above the vibra- 
tionless transition. These levels have vibrational Iife- 
times of 19 and 59 ps respectively [S] _ We also find for 
these levels. within experimental accuracy, the same 
lifetime for the intermediate “state”. It would be ex- 
tremely interesting to locate these intermediate levels 
by attempting to generate RXSE from transitions 
with these states as final levels. 
To avoid distortion of the echo decays, the experi- 
ments reported were performed with smalLangIe exci- 
tation pulses_ In the case of CXSE, stimulated emis- 
sion at ad,.,, induced by the probe pulse, can lead to 
an artificial lengthening (02 > n/2) or shortening (Ql 
<n/2) of the echo decay. For the RXSE under these 
conditions, spontaneous amplified emission at wcfi 
leads to a reduction of the echo signal on a longer time- 
scale. In both experiments, therefore, the intensity of 
the grating forming beams (at W& was attenuated 
such that these effects were absent and the echo decay 
or rise was unaffected by further lowering the intensi- 
ty of the beams. 
There is another point of the 2CSE generation that 
needs to be discussed. In the description of the re- 
phasing effect we have not only assumed that the in- 
homogeneous broadenings on the selected transitions 
are correlated but also, implicitly, that they are iden- 
tical, when expressed as a fraction (sji = 4wU/Oij) of 
their center frequencies. Here nwj~ is the inhomogene- 
ous width of the transition at Oii_ This is substantiated 
by the appearance of the echo at the time predicted 
by eqs. (2) and (3). If the inhomogeneous widths were 
different, K and 5 in eqs. (2) and (3) would have to be 
replaced by ii’ = (Sc.J&,.,,) K and E’= (Sda/Gcb)grespec- 
tively. The fact that two-color echoes can be generated 
in this mixed crystal shows that the inhomogeneous 
broaderrings at the selected transitions are correiaied. 
A more quantitative measure for this correlation could 
be obtained from a study of the echo intensity (com- 
pared to the one-color case) and temporal shape as 3 
function of delay between the grating-forming excita- 
tion pulses. A more convenient way of probing this 
correlation is by performing time-resolved four-wave 
mixing experiments. In a recent such study 191 on 
the same system it was found that the vibrational dis- 
persion was immeasurably small compared to the homo- 
geneous width of the Raman transitions, which presents 
the fundamental limit in establishing spectral correla- 
tions_ 
We end this letter by noting that the relaxed two- 
color stimulated echo provides information on the vi- 
brational dynamics, which in principle can also be ob- 
tained from time-resolved fluorescence experiments 
using either gating [lo] or streak camera [I 11 tech- 
niques_ The echo has the advantages of all coherent 
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techniques. such as high sensitivity and spectral resolu- 
tion, but is limited to low temperature. since finite 
electronic Tls are a prerequisite. The idea obviously 
can be extended to the study of vibrational relaxarion 
on the ground-state potential energy surface by label- 
ing the initial state by a coherent Raman process or in- 
frared escitation. As such it is a viable alternative to 
spo~~~ancous Raman scattering [ 12) or vibrational 
grating experiments [ 131. 
The investigations were supported by the Nether- 
lands Foundation for Chemical Researcl! (SON) with 
financial aid from the Netherlands Organisation for 
the Advanccmcnt of Pure Research (ZWO). 
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